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INTRODUCTION 
Treatment of edentulous areas with dental implants is becoming very popular 
especially in the anterior esthetic zone and for single tooth replacement (1). 
Orthodontists, periodontists, oral and maxillofacial surgeons, prosthodontists and 
general dentists are considering dental implants as an option as they seem to be 
relatively successful with impressive esthetic results.  
Diagnostic evaluation and pre-operative treatment planning of implant sites has 
undergone significant change since the advent of cone beam computerized 
tomography (CBCT). Accurate dimensional evaluation of potential implant sites is 
the key to successful placement of implants during surgery. CBCT Provides accurate 
linear measurements and is comparable to the physical measurements with a relative 
error less than 1%  (2) . Conventional radiographs offer limited diagnostic 
information regarding the ridge morphology and dimensional accuracy because they 
are two-dimensional representations of three-dimensional objects with inadequate 
information of the area of interest and considerable superimposition of anatomical 
structures. The added drawback is that the imaged area is depicted at varying 
magnifications. The introduction of CBCT into dentistry has in part changed this 
paradigm  (3) . CBCT allows depiction of the area of interest in three dimensions and 
in all three orthogonal planes devoid of superimposition of anatomical structures and 
provides high-resolution images to make dimensional measurements  (4-6) . Pertl et 
al. compared panoramic radiographs and CBCT volumes for accuracy. They 
measured the vertical height of the alveolar bone in relation to the mandibular canal 
and they concluded that panoramic radiographs have a high range of distortion error 
that ranges between -0.2 to 5.7 and CBCT scan errors range from 1.5 to 0.8 mm. 
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This study suggested that using panoramic radiographs was acceptable for 
performing most routine dental procedures except in certain specific circumstances 
that needed more precision. The distortion error was usually overcome by 
accounting for the magnification error, which is usually provided by the 
manufacturer. In case of implant procedures surgeons took this magnification error 
into account and planned the procedure with a safety margin (7) . With the wide 
spread increase of CBCT machines worldwide and with significant reduction in the 
cost associated with three dimensional imaging and high precision in diagnostic 
evaluations and measurements, radiographic evaluation of potential implant sites is 
drifting towards three dimensional evaluation using CBCT. This shift in using three-
dimensional imaging is becoming more acceptable with the advent of smaller Field 
of View (FOV) machines, which have a significant reduction in the radiation dose 
delivered to the patients. The International Congress of Oral Implantologists (ICOI) 
in their consensus report have concluded that the current evidence form the scientific 
literature supports the use of CBCT in dental implant treatment planning, 
particularly in regards to linear measurements, three-dimensional evaluation of 
alveolar ridge topography and fabrication of surgical guides (8) . 
Although CBCT offers high resolution and dimensionally accurate images, the 
challenge of gleaning dimensionally accurate measurements of potential implant 
sites remains challenging. Ganguly et al studied radiopaque fiduciary markers made 
of gutta-percha placed over the buccal and lingual cortical plates of the mandibles 
in cadaver heads and compared it with physical measurements using calipers (9) . 
They concluded that CBCT is reliable for linear measurement of pre-operative 
implant sites with an error of less than 1 mm.  Al-Ekrish et al studied ridge 
dimensions on human dry skulls marked with gutta-percha markers on multi slice 
CT (MSCT) and CBCT and found a statistically significant error of implant 
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measurement in both modalities. There are several other studies that have studied 
CBCT to evaluate its dimensional accuracy for measuring anatomical landmarks and 
cephalometric points with mixed results  (10-12) . Moreira scanned 15 skulls and 
studied the cephalometric landmarks. She found no statistically significant 
difference between inter and intra-examiner analysis as well as linear and angular 
measurements of cone-beam CT and the physical measurements  (13) . In contrast 
when Leung et al studied the skull’s alveolar bone margins for evaluation of 
dehiscence and fenestration, they found that CBCT underestimated bone margin to 
within 6 mm and they attributed this to the decreased spatial resolution of the CBCT 
in comparison to conventional peri-apical radiographs  (14) .  
With CBCT fast becoming the imaging modality of choice to perform pre-implant 
treatment planning and postoperative follow-up, it is acceptable to say that CBCT 
provides excellent diagnostic information at a relatively low radiation dose and cost 
to the patient  (12, 15) . If CBCT were to be routinely used for implant planning, a 
dimensional inaccuracy of 1-2 mm would be critical in the final selection of the 
implant size and type and surgical management of the implant site and placement. 
This inaccuracy must be accounted for during the planning phase.  In a significant 
number of large volume CBCT scanners, there are no head positioning restraints or 
guides that help in standardization of the head position. If comparison of 
dimensional measurements has to be done at two different time points to evaluate 
changes at the area of interest, then it is very important to have a standardized head 
position that can be reliably repeated at multiple time points. In the pre-operative 
assessment of the potential implant site, it is critically important to obtain 
measurements with the site corrected in all the three orthogonal planes for upright 
position and accounting for the Frankfort horizontal plane  (16, 17) . Inability to 
account for this discrepancy will result in under or overestimated measurements at 
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the potential implant site. Frongia et al studied cephalometric measurements of 
skulls with five different head positions. These positions were angled 5 degrees 
apart. The study reported at least a 1.5mm measurement discrepancy in 12 of the 15 
measurements  (17) . This result was insignificant for orthodontic treatment but for 
implant placement it is highly important for successful implant placement and 
evaluating at follow up. Sheikhy et al scanned skulls in normal and different 
positions with 10-15 degree angulation. They measured implant sites by placing 
gutta-percha markers at the proposed implant sites. The mean measurement error 
was 0.5 mm  (18) . Most of these studies used small geometric angles, which are not 
a true representation of practical clinical situations such as a stiff neck or an arthritic 
back. Another clinical scenario is a patient with open bite or severe orthognathic 
skeletal distortion, who is imaged for multiple implant site evaluation using CBCT. 
A significant clinical question is would they then, have an error in linear 
measurement and if that variability would impact implant placement. 
In the light of having none to very few well-designed scientific studies that evaluate 
measurement discrepancy with changes in head orientation at scan acquisition, we 
propose to do this study with the following hypotheses: 
Study Hypothesis: 
We hypothesize that the Patient’s head position and angulation at the time of the 
scan acquisition is an important parameter that may affect dimensional accuracy of 
measurements of reconstructed images from the acquired image volume. We also 
hypothesize that by correcting the head positions using reconstruction software 
manipulation of axial, sagittal and coronal axes, we will be able to correct the 
measurement error to a large extent. 
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The objectives of this study are to evaluate: 
1- The effects of various head positions and angulations on the accuracy of 
implant site measurements using CBCT scans. 
2- The role of software adjustment of x, y and z-axes to the (gold) standard 
position in correction of the existing measurement error. 
 
 
 
 
 
 
 
 
 
 
 
 
 
6 
 
MATERIAL AND METHODS 
 
Skulls selection and preparation: 
 
In our study we used 6 dry human skulls. They were randomly selected from the 
University of Connecticut’s anatomy lab without having any knowledge of gender, 
age or ethnicity. The selection of skulls was done on the basis of having missing 
anterior and posterior teeth with continuous and intact bone cortices. Due to 
difficulty involved in selecting skulls with specific areas of missing teeth, clinical 
crowns were modified and/or reduced to the alveolar crest using a high-speed fissure 
bur with high cooling system without damaging the surrounding alveolar bone. Our 
goal was to create three edentulous spaces, which would act as potential implant 
sites in each arch. Two of the sites were created on the posterior aspect (either 
premolar or molar) and one on the anterior aspect. 
 
Radiographic stent fabrication: 
 
A radiographic stent was fabricated for each jaw (Figures 1 and 2). Two posterior sites 
were selected as mentioned earlier, one right and one left, either premolar or molar 
site, or one anterior site. Steps for the preparation of the radiographic stents include: 
1- Alginate impression of skulls of upper and lower teeth. 
2-  Plaster of Paris (POP) cast preparation 
3- A wax up of the acrylic teeth at the proposed implant sites 
4-  Fabrication of a radiographic stent/template using a clear acrylic resin 
material and suck down technique with a plastic polymerization machine. 
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5-  Filling the proposed implant sites with clear acrylic resin with a hole in the 
center. A titanium pin was used for this purpose to create the hole and then 
after it set, the holes were filled with gutta-percha, to act as a radio-opaque 
marker, in order to guide the position and direction of the implant. 
6- Finally, these stents were seated snugly on the teeth in the skulls prior to 
imaging. 
  
(A)                                           (B) 
 
 
 
Figure (1] A- Waxing up the acrylic teeth to the selected 
areas. B- Clear acrylic stent/template fabrication. 
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Figure (2):  Preparation of the radio-opaque markers that act 
as reference points for the proposed implant site, position and 
direction. 
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Method for the design of the platform: 
 
To be able to reproduce centric and eccentric skull/neck angulations resembling 
clinical situations, we designed a wooden platform with a screw in the center of the 
platform to seat the tripod stand’s base (Manfrotto 804RC2; Italy) upon which the 
skulls were fixed (Figure 3). This arrangement enabled creation of various skull 
positions by dialing the desired angle on the tripod’s base while imaging the skulls 
in various simulated head positions with defined/standardized angles.  
The tripod stand has calibrated angles in the x, y and z directions that help in tilting 
and adjusting the wooden platform, to simulate the desired angle. This helps in 
simulating clinical situations with specific reproducible angles with the skull turned 
towards the right or left side, in upward, downward direction, etc. 
 
 
 
 
 
 
 
 
 
 
Figure (3): The tripod and the 
wooden platform.  
Fixation of the table to the tripod 
requires interlocking the tripod 
screw to the center of the wooden 
platform 
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To reproduce the location of the skull position on the wooden platform, three 
radiographic points were used; these points helped in localizing the skulls over this 
platform. Three gutta-percha points (size 15) were placed on the mandible, one in 
the midline, one on the right angle and one on the left angle of the mandible (Figure 
4). Parallel lines were marked on the wooden platform to align with the marked 
point. A soft pad was placed under the base of the skull in the occipital region to 
establish parallelism of the skull to simulate a normal occlusal plane. A clear tape 
was used to fix the skull in the desired position to facilitate good fixation of the skull 
to reduce the possibility of movement during acquisition. Each skull was given a 
random number from one to six prior to imaging. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4): Fixing the skull on 
the tripod; 3 gutta-percha 
points were placed on the 
mandible, then the skull was 
stabilized by applying clear 
tape in all directions. 
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After the skull was seated on the wooden platform in the desired position, the 
platform was fixed to the tripod (Manfrotto 804RC2; Italy). 7 CBCT scans were 
acquired by simulating seven different eccentric positions. A CB MercuRay CBCT 
machine (Hitachi Medical Systems, Kyoto, Japan) with a 6 inch FOV was used to 
image the skulls (Manfrotto 804RC2; Italy). 
These Seven different Head Orientations are (Figures 5-13): 
1- Centric position: where the three tripod angles were marked at zero degrees; 
it demonstrates zero x, y and z-axes. The occlusal plane is parallel to the floor 
and the Frankfort’s horizontal plane was parallel to the floor. This position 
was considered as the “gold standard” position. 
2- Flexion position: when skull is tilted downward anteriorly to 20 degrees (18).  
3- Extension position: when skull is tilted upward and backward to 20 degrees 
(18).  
4- Right sided position: when skull is moved 20 degrees laterally, away from the 
midline towards the right side. 
5- Left sided position: when skull is moved 20 degrees laterally, away from the 
midline towards the left side. 
6- Right lateral flexion: when the skull is directed 15 degrees towards the right 
shoulder  
7- Left lateral flexion: when the skull is directed 15 degrees towards the left 
shoulder 
Note: 6 and 7 are a combination of two axes. 
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IMAGES DEMONSTRATION 
 
1- Centric position (gold standard) 
Figure (5): Frontal view                                        Figure (6): Lateral view 
 
 
 
 
 
 
 
 
 
 
 
2-Flexion position 
                                              
       Figure (7):                                                                           Figure (8): 
 
 
 
 
 
 
 
 
 
 
 
13 
 
 
3-Extension position: 
 
Figure (9): 
 
 
 
 
 
 
 
 
 
 
 
 
4- Right position:                                                        5- Left position: 
 
Figure (10):                                                                   Figure (11): 
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6- Right flexion position:                                  7- Left flexion position: 
 
Figure (12):                                                                                  Figure (13): 
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Scan procedure: 
 
Scans were acquired using the Hitachi MercuryRay machine with 120 kVp and 15 
mA (Figures 14 and 15). The scan time per CBCT acquisition was 10 seconds. 
Retakes were done if necessary to include the entire area of interest. 
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Figures 14 and 15: show Hitachi CBCT machine and 
the skull position during CBCT scan acquisition. 
17 
 
 
Measurement protocol: 
 
Scans and measurements were done by one Oral and Maxillofacial Radiology 
resident in the final year of training (HS). The acquisitions and analysis were done 
under the supervision of an Oral and Maxillofacial Radiology faculty member (AT). 
All the acquired CBCT scan data were stored in a secure server located on the 
UCONN Health center’s network in the DICOM (Digital Imaging and 
Communication in Medicine) format. Then, they were imported to a third party 
DICOM viewing software called In Vivo (Anatomage Inc.). A split screen dual 
monitor CBCT reconstruction workstation was used for analysis (HP 
CompaqDC7800).  
Each scan had six implant sites which were recognized by the radiographic stents 
placed on the teeth and the edentulous spaces, prior to imaging. A simulated 
panoramic reconstruction was done (Figure 16) and cross sectional images of the 
sites of interest were generated with a slice thickness of 0.5mm and pitch distance 
of 1mm. Based on the location of the radiographic guides, the potential implant sites 
were identified and displayed as single cross sectional image on the screen. After the 
cross section was identified, evaluation of the site was done based on the 
measurements done at the exact center of the edentulous site with the radiographic 
marker located in the center of the cross sectional image. 
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 A vertical and a horizontal measurement of the alveolar bone was done for each site 
(Figures 17-20).  
   1. The vertical measurement is the length of the bone from the crest of the alveolar 
ridge to the floor of the maxillary sinus or nasal floor of the maxillary arch or to the 
inferior border of the mandible or to the superior cortex of the mandibular canal of 
the mandibular arch. 
2. The horizontal measurement is the width of the alveolar ridge in the bucco-
lingual direction which was located half way to the line measuring the length of 
the site (Tables 1-6). 
 
 
 
 
 
 
 
 
Figure (16): Panoramic reconstruction from a CBCT 
scan. 
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Figure (17): implant site measurements of lower 
right premolar site. 
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Figures (18 and 19): cross section selection and 
measurements of upper anterior tooth. Image 
(19) shows direction of vertical measurement 
which is done along the direction of the 
radiographic marker. 
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Figure (20): shows the measurement technique: 
Measuring the vertical bone; the most occlusal point 
between the buccal and lingual crest to the most apical 
point of the alveolar bone.  
Measuring the horizontal bone requires dividing the 
vertical length into two halves then measuring the center 
between the buccal and lingual cortices. 
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PART I OF THE STUDY: 
 
The measurements of the seven different head orientations of the same implant site 
were compared (Figure 21). 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a b c 
d 
g f e 
Figure (21): Implant site #30 of case 2; images and measurements were taken 
from all seven head positions (a) Extension (b) flexion (c) right (d) centric (e) 
left flexion (f) right flexion (g) left. 
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Data collection of Part I: (tables 1-6) 
 
Measurements of case (1): (table 1) 
  
Area #2 (upper posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 7.77 9.31 9.17 8.60 7.94 7.27 8.54 
Horizontal 13.21 12.15 13.38 14.10 13.43 14.27 13.13 
 
Area #9 (upper anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 16.28 14.82 15.17 15.19 15.68 20.02 15.70 
Horizontal 6.62 4.40 6.22 3.95 3.65 9.59 3.50 
 
Area #13 (upper posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 21.40 11.76 21.64 21.95 20.80 20.02 20.88 
Horizontal 9.65 9.44 10.52 9.46 9.67 9.59 9.16 
 
Area #18 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 13.40 15 12.50 12.52 25.38 13.66 12.07 
Horizontal 15.23 12.96 13.32 12.58 8.92 13.04 13.46 
 
Area #24 (lower anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 24.53 24.52 24.70 24.32 24.92 25.22 25.82 
Horizontal 7.98 8.84 9.35 10.04 8.89 10.28 9.15 
 
Area #29 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 15.73 23.63 16.59 15.73 15.45 15.17 14.21 
Horizontal 11.17 12.93 12.33 10.53 10.43 10.80 11.33 
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Measurements of case (2): (table 2) 
 
Area #1 (upper posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 4.76 6.17 9.70 4.86 3.59 4.02 4.54 
Horizontal 14.25 12.59 13.80 15.17 13.38 12.97 13.18 
 
Area #8 (upper anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 21.81 21.10 22.73 23.59 24.76 24.63 24.28 
Horizontal 7.28 6.57 7.94  8.10 5.33 6.04 7.90 
 
Area #15 (upper posterior)  
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 4.93 6.18 6.49 4.96 4.71 5.51 4.47 
Horizontal 13.42 13.46 12.52 13.42 12.38 14.46 12.70 
 
Area #20 (lower posterior)  (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 16.81 30.59 19.63 17.22 17.67 13.56 19.75 
Horizontal 9.47 10.21 11.36 9.24 9.72 9.02 11.10 
 
Area #24 (lower anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 34.98 35.60 33.46 33.76 35.63 36.87 39.01 
Horizontal 7.28 7.54 7.40 7.43 8.67 6.86 8.67 
 
Area #30 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 16.36 17.67 16.85 16.99 16.36 16.53 15.96 
Horizontal 12.45 11.20 13.02 12.42 12.89 12.64 11.81 
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Measurements of case (3): (table 3) 
 
 
Area #4 (upper posterior) (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 19.63 18.45 19.62 19.32 19.15 20.30 18.89 
Horizontal 5.23 5.83 6.24 5.37 5 4.96 5.27 
 
Area #8 (upper anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 22.04 21.13 21.53 22.01 19.60 22.09 25.12 
Horizontal 4.05 3.66 4.30 4.86 4.21 4.57 2.80 
 
Area #15 (upper posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 5.55 7.98 7.89 5.46 5.75 5.68 5.98 
Horizontal 12.04 11.65 13.03 11.74 11.96 11.43 12.08 
 
Area #20 (lower posterior) (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 12.94 27.63 14.94 13.78 13.99 11.74 12.24 
Horizontal 8.71 8.64 9.90 7.10 8.23 7.85 8.82 
 
Area #24 (lower anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 25.41 24.34 32.87 24.73 15.38 23.20 27.53 
Horizontal 4.94 4.79 6.78 4.93 5.23 4.91 6.53 
 
Area #31 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 8.70 9.02 6.83 7.97 8.25 8.11 9.06 
Horizontal 12.71 12.27 13.94 13.19 12.95 13.79 13.56 
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Measurements of case (4): (table 4) 
 
 
Area #2 (upper posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 9.61 9.92 19.23 8.79 9.71 11.90 10.23 
Horizontal 15.71 15.25 6.32 15.94 15.71 16.32 15.85 
 
Area #7 (upper anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 17.66 18.43 23.93 17.15 17.45 19.83 18.12 
Horizontal 5.47 6.40 4.92 4.17 4.82 5.28 5.30 
 
Area #13 (upper posterior) (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 22.44 12.57 8.77 22.11 21.94 25.77 23.65 
Horizontal 8.64 9.56 12.47 9.37 9.19 8.83 8.13 
 
Area #17 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 17.13 21.21 15.69 16.53 17.15 15.30 14.35 
Horizontal 18.18 16.39 9.78 18.02 17.77 17.60 17.56 
 
Area #25 (lower anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 35.75 34.51 30.28 34.46 35.23 38.56 34.27 
Horizontal 7.30 9.41 7.03 7.06 8.42 8.81 8.88 
 
Area #30 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 21.94 22.67 7.50* 22.14 21.39 21.25 20.75 
Horizontal 13.87 13.00 14.33* 14.32 14.11 14.33 13.65 
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Measurements of case (5): (table 5) 
 
 
Area#2 (upper posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 6.95 7.61 12.64 8.86 8.47 9.79 7.03 
Horizontal 10.46 10 10.65 11.19 11.46 12.27 11.24 
 
Area #7 (upper anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 18.87 16.95 19.97 19.71 19.16 15.90 17.34 
Horizontal 3.38 2.66 2.84 2.40 4.84 2.42 2.09 
 
Area #13 (upper posterior) (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 13.11 10.68 20.07 14.58 15.69 13.22 21.12 
Horizontal 7.33 7.73 6.28 6.38 7.31 6.40 6.45 
 
Area #21 (lower posterior) (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 27.85 26.00 27.21 27.30 28.07 25.77 26.72 
Horizontal 9 8.27 10.31 9.27 9.22 8.48 9.32 
 
Area #23 (lower anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 27.18 26.72 28.56 25.82 28.08 26.87 28.32 
Horizontal 7.28 6.76 6.78 7.41 7.06 7.03 7.11 
 
Area #30 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 17.24 17.44 17.97 16.67 16.84 17.27 16.75 
Horizontal 9.51 8.89 11.18 10.33 9.68 10.68 9.28 
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Measurements of case (6): (table 6) 
 
Area #5 (upper posterior) (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 16.17 12.91 17.66 16.84 16.55 16.37 15.82 
Horizontal 6.55 6.88 6.62 6.50 7.10 6.61 5.97 
 
Area #9 (upper anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 15.41 15.87 14.88 13.32 13.99 17 14.31 
Horizontal 7.06 6.79 6.55 8.75 8.59 7.10 8.76 
 
Area #14 (upper posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 9.45 4.70 10.10 5.75 9.90 10.26 10.38 
Horizontal 10.61 11.84 7.55 10.84 9.87 9.67 8.64 
 
Area #20 (lower posterior) (premolar) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 14.05 24.87 14.45 15.25 *13.36 12.64 14 
Horizontal 8.66 8.66 9.85 8.18 8.79 8.62 8.64 
 Due to difficulty to determine the mental canal 
Area #24 (lower anterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 24.54 24.98 25.15 24.34 24.69 25.89 26.06 
Horizontal 8.41 11.49 7.38 8.01 7.97 7.99 7.45 
 
Area #30 (lower posterior) 
 Zero 
angles 
Flexion Extension Right Left Right 
flex 
Left 
flex 
Vertical 15.69 15.91 16.04 16.07 15.75 15.64 15.58 
Horizontal 10.49 9 12.21 10.21 10.27 10.23 9.71 
 
 
 
Tables (1-6): Data of 6 cases (skulls); 6 implant sites at seven eccentric positions. 
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STATISTICAL ANALYSIS 
 
Statistical analyses were done using SAS software. Comparison between each head 
position with the gold standard (centric) was done using a Two-way ANOVA. Mean 
of error interaction for each vertical and horizontal measurements, was analyzed. 
Any measurement with a p-value of less than 0.05 was considered as statistically 
significant. 
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RESULTS 
 
The data analyzed for this study included 6 dry skulls with 36 sites, which included 
12 anteriors, 8 premolars and 16 molars. Error in measurements for the potential 
implant sites were compared between the six eccentric different head positions and 
the gold standard head position. The measurements were done with the centric head 
position as the gold standard.  Two-Way ANOVA was used to test the effects of the 
various head positions and their interactions.  
 
We divided the results into 3 categories. 
1. Analyses of the vertical and horizontal measurements and their interactions 
excluding the premolar sites were done in various eccentric orientations 
2. Vertical and horizontal measurements including the premolar sites 
3. Comparison of the corrected angles with the gold standard 
 
All data without the premolar sites were included as a separate analysis as data 
with the premolars were giving false positives because of the presence of the 
mental foramen and anatomic location of the premolar in the arch. Due to the 
presence of these structures in varying spatial planes when reconstructed with 
eccentric neck positions, the premolar was either partially covering the ridge or 
approximating the mental foramen region.  
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These graphs and tables explain the variation of the results with the inclusion of 
the premolar and exclusion of those data: 
 
Graph (1):  
 
 
 
 
 
 
 
 
 
Graph (1): interaction of non-premolar sites; the above plot can be used to check 
the interaction. If the lines are parallel, there is no interaction. Error is defined as 
the difference between the measurement taken at other position and that taken 
at zero angle. The dots in the plot represent the means of errors for each head 
position and each area. The six head positions are placed on the horizontal axis 
while the areas are represented by different colors lines. We see from the plot 
that, for vertical dimension, there is a significant interaction since all lines cross 
each other’s.  For horizontal dimension, it’s hard to judge if the interaction is 
significant. 
32 
 
First Category tables: 
Table (7): Vertical means and standard deviations errors for each head position and 
each area of non-premolar implant sites: 
 
Obs headpos _NAME_ lower_anterior lower_posterior upper_anterior upper_posterior 
1 Extension mean 0.43833 -2.02750 1.02333 3.30500 
2 Extension std 4.21985 5.12199 2.71511 3.21357 
3 Flexion mean -0.28667 2.04500 -0.62833 -0.84875 
4 Flexion std 0.77190 2.68860 1.05697 4.17626 
5 Left mean -1.41000 1.29750 -0.23833 0.05625 
6 Left std 4.25088 4.32269 1.83411 0.78774 
7 Left_flex mean 1.43667 -0.93250 0.46667 0.20375 
8 Left_flex std 1.77852 0.98627 1.91727 0.56465 
9 Right mean -0.82667 -0.19625 -0.18333 -0.14875 
10 Right std 0.53821 0.56888 1.37765 1.64073 
11 Right_flex mean 0.70333 -0.40750 1.23333 0.50375 
12 Right_flex std 1.77645 0.68224 2.40307 1.46341 
 
 
 
 
 
 
 
 
 
 
 
Table (7): Vertical mean and standard deviation errors for 
each head position and each area. For example, 0.438 
(4.220) for extension and lower anterior mean and standard 
deviations of non-premolar sites. 
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Table (8): Horizontal means and standard deviations errors for each head position 
and each area of non-premolar implant sites 
 
Obs headpos _NAME_ lower_anterior lower_posterior upper_anterior upper_posterior 
1 Extension mean 0.25500 -0.43750 -0.18167 -1.44750 
2 Extension std 1.11987 3.41884 0.51270 3.45560 
3 Flexion mean 0.94000 -0.87125 -0.56333 -0.37125 
4 Flexion std 1.39549 1.22471 1.01358 0.83755 
5 Left mean 0.50833 -0.82375 -0.40333 -0.18625 
6 Left std 0.74703 2.25165 1.82033 0.67229 
7 Left_flex mean 0.76667 -0.40625 -0.58500 -0.42125 
8 Left_flex std 1.07232 0.76199 1.68588 0.84521 
9 Right mean 0.28167 -0.25125 -0.27167 0.31375 
10 Right std 0.89718 1.07818 1.64445 0.48044 
11 Right_flex mean 0.44833 -0.06250 0.19000 0.20375 
12 Right_flex std 1.16450 1.07496 1.50808 1.09668 
 
 
 
 
 
 
 
 
 
 
 
 
Table (8):  Horizontal mean and standard deviation 
errors for each head position and each site. 
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Table 9: ANOVA for Vertical measurements: 
 
Source DF Type III SS Mean Square F Value Pr > F 
headpos 5 19.7551087 3.9510217 0.60 0.6977 
Area 3 8.8960063 2.9653354 0.45 0.7159 
headpos*Area 15 204.9916127 13.6661075 2.09 0.0136 
 
 
Table 10: Least Square Means for different head positions of vertical 
measurements:  
 
headpos*Area Effect Sliced by headpos for Error 
headpos DF 
Sum of 
Squares Mean Square F Value Pr > F 
Extension 3 114.827044 38.275681 5.84 0.0009 
Flexion 3 41.486582 13.828861 2.11 0.1015 
Left 3 25.731222 8.577074 1.31 0.2739 
Left_flex 3 19.863292 6.621097 1.01 0.3900 
Right 3 2.008758 0.669586 0.10 0.9587 
Right_flex 3 9.970721 3.323574 0.51 0.6779 
 
 
 
 
 
 
 
 
Tables (9 and 10): the ANOVA is done to test the effects of head 
position, area, and their interaction. Table 4 shows that the p-value 
for the interaction is 0.0136, which is less than 0.05. Thus, the 
interaction is significant. The main effects of head position and area 
are not significant. Further, Table 5 shows that only for extension, 
there is a significant difference between the four areas. 
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Table 11: ANOVA for horizontal measurements: 
 
Source DF Type III SS Mean Square F Value Pr > F 
headpos 5 6.82472842 1.36494568 0.56 0.7321 
Area 3 23.96214256 7.98738085 3.27 0.0232 
headpos*Area 15 16.12462470 1.07497498 0.44 0.9647 
 
 
Table 12: ANOVA for horizontal measurements: 
 
Source DF Type III SS Mean Square F Value Pr > F 
headpos 5 8.44651905 1.68930381 0.73 0.6026 
Area 3 23.96214256 7.98738085 3.45 0.0181 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tables (11) and (12): table 6 shows that for horizontal 
dimension, the interaction is not significant. So for each head 
position, the errors of areas are not significantly different 
from each other. We then remove the interaction term from 
the model and conduct the ANOVA again. The results are 
displayed in Table 7. The main effect of area is significant, 
which means that there is a significant difference in the effect 
of area if the effect of head position is not taken into 
consideration.  
36 
 
Table 13: Tukey test for Horizontal measurements: 
 
Comparisons significant at the 0.05 level are indicated by ***. 
Area 
Comparison 
Difference 
Between 
Means 
Simultaneous 
95% 
Confidence 
Limits  
lower anterior  - upper anterior 0.8358 -0.0957 1.7674  
lower anterior  - upper posterior 0.8515 -0.0199 1.7228  
lower anterior  - lower posterior 1.0088 0.1374 1.8801 *** 
upper anterior  - lower anterior -0.8358 -1.7674 0.0957  
upper anterior  - upper posterior 0.0156 -0.8557 0.8870  
upper anterior  - lower posterior 0.1729 -0.6984 1.0443  
upper posterior - lower anterior -0.8515 -1.7228 0.0199  
upper posterior - upper anterior -0.0156 -0.8870 0.8557  
upper posterior - lower posterior 0.1573 -0.6494 0.9640  
lower posterior - lower anterior -1.0088 -1.8801 -0.1374 *** 
lower posterior - upper anterior -0.1729 -1.0443 0.6984  
lower posterior - upper posterior -0.1573 -0.9640 0.6494  
 
 
 
 
 
 
 
 
Table (13): Tukey test (Table 7) shows that the 
effects of lower anterior and lower posterior are 
significantly different. 
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BOXPLOT of all implant sites excluding premolars: 
Here the boxplot is used to check the main effect. The following figure shows the 
details. The cycles in the boxplot are the outliers: (SAS (R) 9.3 ODS graphics: 
Third edition). (Figure 22) 
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Graph (2): 
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Graph (3): 
 
 
 
 
 
 
 
 
 
 
Graphs (2 and 3): Vertical and horizontal boxplots 
of error show more or less mean and standard 
deviation distribution with more outliers in the 
vertical measurements.  
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Tables and graphs for second category: 
 
Graph (4): Mean error for premolar (horizontal and vertical): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph (4): vertical and horizontal measurements 
interpretation of different head positions; the interpretation 
is very similar to the non-premolar case. There is a 
significant interaction for vertical dimension, but not for 
horizontal dimension. 
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Table (14): Vertical measurements mean and standard deviation of premolar 
implant sites:  
 
Obs headpos _NAME_ lower_posterior upper_posterior 
1 Extension mean 1.14500 -1.30750 
2 Extension std 1.55755 8.76912 
3 Flexion mean 9.36000 -4.18500 
4 Flexion std 7.65378 3.88522 
5 Left mean 0.36000 0.49500 
6 Left std 0.78490 1.44926 
7 Left_flex mean 0.26500 2.03250 
8 Left_flex std 1.83776 4.07309 
9 Right mean 0.47500 0.37500 
10 Right std 0.75580 0.86647 
11 Right_flex mean -1.98500 1.07750 
12 Right_flex std 0.92306 1.52161 
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Table (15): Horizontal measurements mean and standard deviation of premolar 
implant sites: 
 
Obs headpos _NAME_ lower_posterior upper_posterior 
1 Extension mean 1.39500 0.96500 
2 Extension std 0.33481 2.08738 
3 Flexion mean -0.01500 0.56250 
4 Flexion std 0.60125 0.26437 
5 Left mean 0.03000 0.21250 
6 Left std 0.34380 0.39903 
7 Left_flex mean 0.51000 -0.48250 
8 Left_flex std 0.75969 0.38353 
9 Right mean -0.51250 -0.03250 
10 Right std 0.79534 0.69601 
11 Right_flex mean -0.46750 -0.23750 
12 Right_flex std 0.33659 0.50062 
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Tables (16) and (17): 
Table 16: ANOVA for Vertical measurements of premolar implant sites: 
 
Source DF Type III SS Mean Square F Value Pr > F 
headpos 5 46.8147187 9.3629437 0.62 0.6827 
Area 1 41.3108521 41.3108521 2.75 0.1059 
headpos*Area 5 362.7150854 72.5430171 4.83 0.0018 
 
 
Table 17: Least Square Means for different head positions (Vertical 
measurements): 
 
headpos*Area Effect Sliced by headpos for Error 
headpos DF 
Sum of 
Squares Mean Square F Value Pr > F 
Extension 1 12.029513 12.029513 0.80 0.3767 
Flexion 1 366.934050 366.934050 24.44 <.0001 
Left 1 0.036450 0.036450 0.00 0.9610 
Left_flex 1 6.248112 6.248112 0.42 0.5230 
Right 1 0.020000 0.020000 0.00 0.9711 
Right_flex 1 18.757813 18.757813 1.25 0.2711 
 
 
 
 
 
 
 
Tables (16) and (17): The ANOVA test was done to test the effects of 
head position, area, and their interaction. Table 11 shows that the p-
value for the interaction is 0.0018, which is less than 0.05. Thus, the 
interaction is significant. The main effects of head position and area are 
not significant. Further, Table 12 shows that only for flexion, there is a 
significant difference between the four areas. 
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Tables (18), (19): 
Table 18: ANOVA for horizontal measurements of premolar implant sites: 
 
Source DF Type III SS Mean Square F Value Pr > F 
headpos 5 12.20751875 2.44150375 3.97 0.0057 
Area 1 0.00075208 0.00075208 0.00 0.9723 
headpos*Area 5 3.63938542 0.72787708 1.18 0.3367 
 
 
Table 19: ANOVA for horizontal measurements of premolar implant sites:  
 
Source DF Type III SS Mean Square F Value Pr > F 
headpos 5 12.20751875 2.44150375 3.88 0.0057 
Area 1 0.00075208 0.00075208 0.00 0.9726 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tables (18) and (19): table 13 shows horizontal 
dimension; the interaction is not significant. So for each 
head position, the errors of areas are not significantly 
different from each other. We then remove the interaction 
term from the model and conduct the ANOVA again. The 
results are displayed in Table 14. The main effect of head 
position is significant, which means that there is a 
significant difference in the effect of head position if the 
effect of area is not taken into consideration.  
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Table 20: Tukey test for horizontal measurements for premolar implant sites: 
 
 
Means with the same letter are not 
significantly different. 
Tukey Grouping Mean N headpos 
 A 1.1800 8 Extension 
 A    
B A 0.2737 8 Flexion 
B A    
B A 0.1212 8 Left 
B A    
B A 0.0137 8 Left_flex 
B     
B  -0.2725 8 Right 
B     
B  -0.3525 8 Right_flex 
 
 
 
 
 
 
 
 
 
 
Table( 20): Tukey test shows that: 
• There is no significant difference 
between Extension, Flexion, Left, and Left Flex 
• There is no significant difference 
between Flexion, Left, Left flex,  
          Right, and Right Flex 
• Extension, Right, Right Flex are 
significantly different. 
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Premolar implant sites Boxplot: 
Graph (5): 
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Graph (6): 
 
 
 
 
 
 
 
 
 
Graphs (5 and 6): Vertical and horizontal boxplots 
of error show more range and standard deviation 
at the premolar sites especially at the flexion 
position. 
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PART (II) OF THE STUDY: (the third category) 
 
Averaging the percentages of the CBCT corrected angles: 
For the second objective, we corrected the angles of three out of six head 
positions on the software, to examine the percentage of software 
correction of the error factor (Figure 23). This was evaluated after 
measurements of the same six proposed implant sites which were 
corrected with the software in all three planes with the Frankfort’s 
horizontal plane predominantly corrected for replication of accuracy. The 
three positions that were randomly picked as examples for demonstrating 
software correction were flexion, extension and right flexion. This was 
done to test if correction of head position with software reconstruction 
methods would correct the error of dimensional inaccuracy (tables 21-26). 
 
 
 
 
 
 
 
 
 
 
(a) 
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(b) 
 
 
 
 
 
 
      
 
 
 
(c)                                                                                      
 
 
 
 
 
 
 
 
 
 
 
Figure (23):  Extension software correction: (a) the 
first image before correction of z-axis at the 
extension head position (b) after correction z-axis 
(c) and (d) show the difference in 3D reconstruction 
before and after correction. 
(d) 
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Data collection of part II: (tables 21-26) 
Measurements before and after corrected software axes of case (1): table 
(21) 
Area #2 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 7.77 9.31 8.86 9.17 8.46 7.27 9.70 
Horizontal 13.21 12.15 13.17 13.38 12.50 14.27 13.74 
 
Area #9 (upper anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 16.28 14.82 15.30 15.17 13.82 20.02 14.74 
Horizontal 6.62 4.40 6.10 6.22 3.43 9.59 4.02 
 
Area #13 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 21.40 11.76 20.07 21.64 21.73 20.02 21.38 
Horizontal 9.65 9.44 9.87 10.52 8.75 9.59 8.91 
 
Area #18 (lower posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 13.40 15 13.10 12.50 12.50 13.66 12.88 
Horizontal 15.23 12.96 13.24 13.32 13.24 13.04 13.25 
 
Area #24 (lower anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 24.53 24.52 24.74 24.70 25.39 25.22 25.81 
Horizontal 7.98 8.84 9.26 9.35 10.86 10.28 11.14 
 
Area #29 (lower posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 15.73 23.63 15.43 16.59 15.21 15.17 15.26 
Horizontal 11.17 12.93 10.76 12.33 10.19 10.80 10.69 
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Measurements before and after corrected software axes of case (2): table 
(22) 
 
 
 Area #1 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 4.76 6.17 5.02 9.70 4.28 4.02 4.52 
Horizontal 14.25 12.59 14.33 13.80 13.18 12.97 13.16 
 
Area #8 (upper anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 21.81 21.10 21.20 22.73 21.88 24.63 21.28 
Horizontal 7.28 6.57 7.43 7.94  5.66 6.04 7.75 
 
Area #15 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 4.93 6.18 5.90 6.49 5.19 5.51 4.72 
Horizontal 13.42 13.46 13.06 12.52 12.90 14.46 13.01 
 
Area #20 (lower posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 16.81 30.59 17.09 19.63 16.56 13.56 16.62 
Horizontal 9.47 10.21 9.15 11.36 9.36 9.02 9.39 
 
Area #24 (lower anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 34.98 35.60 33.81 33.46 34.28 36.87 34.40 
Horizontal 7.28 7.54 7.56 7.40 7.08 6.86 7.53 
 
Area #30 (lower posterior) 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 16.36 17.67 17.38 16.85 16.60 16.53 16.21 
Horizontal 12.45 11.20 12.28 13.02 12.44 12.64 12.44 
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Measurements before and after corrected software axes of case (3): table 
(23) 
 
Area #4 (upper posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 19.63 18.45 19.54 19.62 19.54 20.30 19.68 
Horizontal 5.23 5.83 4.68 6.24 4.72 4.96 5.37 
 
Area #8 (upper anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 22.04 21.13 21.05 21.53 20.74 22.09 21.13 
Horizontal 4.05 3.66 4.19 4.30 4.48 4.57 4.52 
 
Area #15 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 5.55 7.98 6.90 7.89 6.28 5.68 5.42 
Horizontal 12.04 11.65 11.80 13.03 12.48 11.43 11.97 
 
Area #20 (lower posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 12.94 27.63 14.60 14.94 15.04 11.74 14.26 
Horizontal 8.71 8.64 8.65 9.90 8.42 7.85 8.08 
 
Area #24 (lower anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 25.41 24.34 25.52 32.87 25.19 23.20 25.04 
Horizontal 4.94 4.79 5.02 6.78 5.58 4.91 5.30 
 
Area #31 (lower posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 8.70 9.02 7.93 6.83 7.58 8.11 7.43 
Horizontal 12.71 12.27 12.96 13.94 12.73 13.79 12.92 
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Measurements before and after corrected software axes of case (4): table 
(24)  
 
 
Area #2 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 9.61 9.92 9.43 19.23 10.41 11.90 11.11 
Horizontal 15.71 15.25 15.88 6.32 17.21 16.32 16.24 
 
Area #7 (upper anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 17.66 18.43 18.65 23.93 18.04 19.83 17.10 
Horizontal 5.47 6.40 5.42 4.92 5.05 5.28 4.59 
 
Area #13 (upper posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 22.44 12.57 22.29 8.77 22.32 25.77 23.43 
Horizontal 8.64 9.56 9.03 12.47 9.82 8.83 8.44 
 
Area #17 (lower posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 17.13 21.21 17.70 15.69 17.38 15.30 16.20 
Horizontal 18.18 16.39 17.92 9.78 18.06 17.60 18.04 
 
Area #25 (lower anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 35.75 34.51 34.13 30.28 34.89 38.56 34.40 
Horizontal 7.30 9.41 7.36 7.03 7.39 8.81 8.16 
 
Area #30 (lower posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 21.94 22.67 22.05 7.50* 21.65 21.25 20.80 
Horizontal 13.87 13.00 13.51 14.33* 14.53 14.33 14.24 
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Measurements before and after corrected software axes of case (5): table 
(25)  
 
 
Area#2 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 6.95 7.61 7.09 12.64 7.92 9.79 7.91 
Horizontal 10.46 10 10.51 10.65 11.05 12.27 10.83 
 
Area #7 (upper anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 18.87 16.95 18.86 19.97 19.03 15.90 19.68 
Horizontal 3.38 2.66 4.15 2.84 2.87 2.42 2.87 
 
Area #13 (upper posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 13.11 10.68 13.36 20.07 14.98 13.22 14.32 
Horizontal 7.33 7.73 6.72 6.28 6.63 6.40 6.89 
 
Area #21 (lower posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 27.85 26.00 27.25 27.21 27.39 25.77 27.67 
Horizontal 9 8.27 9.04 10.31 9.03 8.48 8.48 
 
Area #23 (lower anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 27.18 26.72 27.75 28.56 27.17 26.87 27.54 
Horizontal 7.28 6.76 6.91 6.78 7.22 7.03 6.84 
 
Area #30 (lower posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 17.24 17.44 16.55 17.97 16.91 17.27 16.85 
Horizontal 9.51 8.89 10.09 11.18 9.91 10.68 9.33 
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Measurements before and after corrected software axes of case (6): table 
(25)  
 
Area #5 (upper posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 16.17 12.91 16.16 17.66 16.19 16.37 15.98 
Horizontal 6.55 6.88 6.47 6.62 6.99 6.61 6.62 
 
Area #9 (upper anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 15.41 15.87 15.10 14.88 15.30 17 15.13 
Horizontal 7.06 6.79 6.28 6.55 5.70 7.10 6.57 
 
Area #14 (upper posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 9.45 4.70 9.79 10.10 9.45 10.26 9.91 
Horizontal 10.61 11.84 9.43 7.55 9.99 9.67 10.15 
 
Area #20 (lower posterior) (premolar) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 14.05 24.87 13.74 14.45 14.14 12.64 14.06 
Horizontal 8.66 8.66 8.57 9.85 8.01 8.62 8.73 
 
Area #24 (lower anterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 24.54 24.98 24.94 25.15 24.38 25.89 24.32 
Horizontal 8.41 11.49 7.38 7.38 8 7.99 7.99 
 
Area #30 (lower posterior) 
 
 Zero 
angles 
Flexion Corrected 
flexion 
Extension Corrected  
extension 
Right 
flex 
Corrected 
R flex 
Vertical 15.69 15.91 15.65 16.04 15.75 15.64 15.65 
Horizontal 10.49 9 10.50 12.21 9.91 10.23 10.15 
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STATISTICAL ANALYSIS (PART II):  
The results were calculated using Excel spreadsheet of Microsoft 2013. 
 
RESULTS OF (PART II): (the third category) 
Results divided into three grading categories: (Percentage grading of CBCT 
software correction of implant sites) 
Grade 1: Percentage of number of implant sites which showed the same 
measurement of the centric position (gold standard); + or – (0-1) mm 
Grade 2: Percentage of number of implant sites which approximately return to the 
same measurements of centric position; + or – (more than1-3) mm 
Grade 3: Percentage of number of implant sites which do not return to the centric 
position measurements; more than 3 mm 
 
The next Graph demonstrates the percentage of cases which matched the centric 
position after correction of the eccentric neck positions at various angles by the 
software program. 
This method allows for the understanding of the efficiency of the software program 
(In Vivo) to correct the measurement error, if it exists, to either actual measurement 
or approximately to the actual, or if it does not correct it at all. The measurements 
were calculated with the vertical and horizontal measurements separately, to see the 
effect of each measurement at various head positions. 
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Graph (7): 
 
 
 
 
 
 
 
 
 
 
Graph (7): percentages of software correction of vertical 
measurements for flexion, extension and right flexion 
position; flexion shows almost 90% correction while right 
flexion shows 75% only. No cases were classified as grade 
3, which means none of our data has more than 3 mm 
difference after correction of head position orientation. 
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Graph (8): 
 
 
 
 
 
 
Graph (8): percentages of software correction of 
horizontal measurements for flexion, extension and right 
flexion position; flexion shows close to 83-89 % software 
correction (grade 1) for all head positions. Grade 2 
appears in all of these three positions by percentage 
around 10% and there is small chance of incomplete 
correction that appears in extension and right flexion 
positions. 
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DISCUSSION 
 
In our study we evaluated the linear measurement error at the implant sites. Most of 
the Cone beam CT machines’ manuals suggest that the patient be seated in such a 
way that the patient’s occlusal plane of the jaw of interest is parallel to the floor. 
That means if the area of interest is in the maxillary jaw, the maxilla should be 
parallel to the floor. At this position the mandible would be about 5 degrees off the 
plane and this discrepancy could reach 45 degree in certain scenarios such as when 
the patient is wearing a radiographic stent and the bite is slightly open. On the other 
hand, if the implant site is in the mandible, the head position should be adjusted so 
that the occlusal plane is parallel to the floor. In case of large volume cone beam CT 
scans with multiple implant sites, the ALARA (as low as reasonably acceptable) 
protocols usually employed by most radiology imaging centers, acquire only one 
scan for both arches to reduce patient exposure and chair time.  This scanning 
protocol usually brings about a common clinical challenge concerning about the 
accuracy of linear measurements on CBCT, specifically related to implant sites, as 
the margin of error in most cases is very small. 
Some patients have difficulty holding the head in the desired position for many 
reasons. Some of the clinical scenarios are stiff neck and the presence of 
degenerative joint disease. Some patients have a general tendency to be apprehensive 
during scanning and cannot hold still or maintain the desired head position in the 
Field of View. The operator often addresses this by talking to the patient and getting 
them comfortable with the neck position, but it is often times not avoidable. Our aim 
for this study was to see if the change in head position would bring about a notable 
discrepancy between actual measurement and measurements done with the patient 
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scanned in an eccentric position to accommodate a certain clinical position and avoid 
repetition of the scan.  
Patients with a skeletal malformation or malocclusion that are mostly referred from 
orthodontics to orthognathic surgery for cone beam CT scans have possibilities of 
measurement discrepancies. Measurement discrepancy for orthognathic surgical 
procedure is an important consideration that drives the final outcome. This challenge 
is obvious in implant placement where the degree of error is very small and 
measurement discrepancy is very important.  
For these clinical reasons we studied the effect of various head positions and 
orientations at anterior and posterior implant sites for both upper and lower jaws 
during CBCT scans.  
Final implant placement is largely based on preoperative implant planning; this is 
dependent on the measurements rendered by the software. Minor measurement 
discrepancy can be accounted for in situations where there is adequate bone support 
but this error could be critical in situations where the amount of available bone is 
less or inadequate for implant placement. Based on the measurements, the treatment 
plan will decide the size and type of implant and in many cases may drive the 
decision for choosing the appropriate size of the implant or to perform bone 
augmentation procedures to gain adequate bone volume at this site. Since the 
manufacturers of CBCT machines claim a 100% dimensional accuracy, which is 
supported by the physics behind it, the variation of clinical measurements is 
apparent. One of the reasons we think that there is an error in measurement, is the 
orientation of the head position at the time of scan acquisition and we hypothesize 
that we can correct this discrepancy by standardizing and adjusting some parameters 
to act as guides to obtain close to accurate measurements of the area of interest.  
Moreira and Frongia studied the measurement discrepancies and came out with 
insignificant results. Their results showed that the discrepancy of 
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measurement was small (13, 17)  but for the sake of orthodontic treatment, it 
did not make any significant difference.  But translating the results of this study 
into the world of implant treatment planning is a challenging one especially 
because the largest endosseous dental implant is approximately 10mm with 
very close proximity to critical structures like the inferior alveolar nerve canal 
in the mandible and maxillary sinus floor in the maxilla. When Sheikhy et al 
reported only 0.5 mm measurement error, they were using small angle 
discrepancies (10-15 mm) and only four selected head orientations, which do 
not accurately simulate common clinical situations (18) . 
 
A recently published study done by Visconti et al. (2013) studied the effect of 
maxillary and mandibular positions of the implant sites and heights and widths (19). 
They imaged ten skulls using I-CAT cone beam CT with varying fields of view from 
6-10 cm in standardized head positions. We used one standardized 6-inch field of 
view in all our scans. They used edentulous skulls and marked the implant sites with 
metal markers while we created implant sites in dentate jaws to closely simulate the 
clinical environment. Visconti scanned the skulls in four orientations; each 
orientation with two angles, 10 and 20 degrees. He called them superior, inferior and 
lateral displacement. We did scans in six different orientations, in addition to the 
standard position. We used the same superior displacement and the inferior 
displacement positions but with different names, extension and flexion  (18) . Also, 
we differentiated between lateral movements according to the axes. There are right 
and left movements at the level of the x-axis and there is right and left flexion at the 
y-axis. We tried to cover more than one lateral movement and in the same time to 
see the effect of combined movement, as the lateral flexion position does on the 
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measurement of accuracy. We obtained similar results as the Visconti study but we 
included a greater number of simulated head positions. 
They found great influence of head orientation on the measurements reliability. 
Their results show greatest discrepancies of the upper premolar and molar areas.  
We used 20 degrees in the 4 orientations and only 15 degrees in right and left flexion 
positions. These angles were chosen to be large enough and fit into the selected field 
of view (6 inch in this study).  
Our study results fit into three categories. First we analyzed the vertical 
measurements (heights of implant sites) and the horizontal measurements (widths of 
implant sites) separately. We calculated the mean and standard deviation of error of 
different areas and head positions and their interaction. We excluded the premolar 
measurements and evaluated these sites in a separate category because of an 
increased high range of measurement variability which appeared in most analyses 
when clubbed with the rest of the teeth. After our initial analysis of the  data, tables 
and images, we observed that close proximity of premolar teeth to mental foramina 
and inferior alveolar canal which often mislead  the measurements leading to some 
cross sections with an increased measurement errors. Clinically, this is significant 
for implant placement. To avoid a false positive result with this inclusion, we chose 
to deal with this problem by analyzing them as a separate measure. This part of the 
study was classified as the second category 
 
The mean values of head position discrepancy for vertical measurements of the first 
category varies slightly above 3 mm to – 2 mm and this is with reference to the 
extension position and in the posterior areas. A higher measurement  mean is seen 
in the  Flexion position in the  area of lower posterior with 2 mm length while left 
flexion positions cause more discrepancies in lower anteriors and posteriors. Right 
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position discrepancy error is less than 1 mm while right flexion main error is more 
than 1 mm only in upper anterior sites. 
The mean error values of horizontal measurements is less than 1 mm except for 
upper posterior site in the extension position and it’s not a significantly high value. 
 
For the second category, premolar sites, vertical measurements show highest mean 
error value in the flexion position, ranging from 9 to -4 mm. Extension, left flexion 
and right flexion show mean error value ranges between + or – 2.5 mm while left 
and right positions do not exceeded 0.5 mm. Horizontal measurements show a range 
slightly above or under 1mm difference from the centric position while the rest 
positions show 0.5 mm or less mean error values. 
 
These results as shown by ANOVA demonstrate that for vertical measurement there 
is a statistically significant interaction between head positions and areas for all the 
implant sites including premolars. The main effect of head positions and areas are 
not significant but for areas excluding premolars, the extension position is 
statistically significant between the four implant sites while in premolar sites the 
flexion position is significant. 
 
Horizontal measurements show more complicated results. The interaction was not 
significant but the mean effect of the area was significant in the first categories 
regardless the effect of head position. Tukey test shows significant effect of lower 
anterior and posterior areas. While in the second category for the premolars, the 
mean error values show significant effect of head position if the area was neglected. 
Tukey test shows statistically significant difference in extension and right and left 
flexion positions. 
   
64 
 
Interactions between all six head position orientation in all implant sites, including 
the premolars, show significant interaction in vertical measurements and not 
significant in horizontal measurements. 
 
The third category which describes the percentage of implant sites that was corrected 
by InVivo software tools, showed ranges between 83-88 % of correction in (flexion, 
extension) horizontal and vertical measurements and right flexion horizontal 
measurements; while vertical right flexion shows 75%. There were some areas, 
which were difficult to correct in the extension and right flexion head position. We 
have to keep in consideration that in our study we only corrected three head positions 
and not all six and we did not differentiate between site locations in the jaws. That 
means that software can correct the measurement error close to 90% in most cases. 
The error increased with a combination of head angles such as right movement in 
addition to flexion or extension positions. The evaluation and correction of such 
complex head positions is very challenging. The software has not demonstrated that 
it can correct the measurement error to a 100% accuracy but it appears to be close to 
clinically insignificant situations in most cases. Areas which have not been corrected 
(close) to normal or centric positions, we suggest some possibilities for the results; 
which include: 
 More than one axis head orientation discrepancy 
 Panoramic and cross section reconstruction that is affected by software 
manipulation. 
 Inter and intra examiner variability. 
 
We recommend a safe zone for implant treatment planning when there is head 
position alteration from the centric position or when patient has skeletal 
malocclusion especially in cases where multiple implant sites are being planned and 
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if they are distributed between the maxillary and mandibular jaws. We also 
recommend correction of any axis deviation from the centric position (on the 
software) to reduce the percentage of error. The best result is obtained when we scan 
patients in centric position on the machine seat. Many machines have positioning 
devices which stabilize patients in the most accurate orientation. Although axes 
correction can be done on the software, it is not recommended to depend on the 
software correction and always check the implant site to be in the center in the field 
of view. If the occlusal plane of the maxilla and the mandible can be re-oriented 
separately by the software before selecting the implant site slice; do not hesitate to 
add this step.  One useful way to address this challenge is to incorporate a safety 
margin during the planning phase and take into account a measurement discrepancy 
of at least 2 mm. 
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CONCLUSION 
 
Head orientation and position have a significant effect on implant sites mainly in the 
vertical dimension. Implant treatment planning and final placement can be affected 
based on measurement, especially on the errors that can cause clinically significant 
challenges. Extension and flexion positions demonstrate the most mean error values 
that may reach to 9 mm in certain head positions. Software manipulation can be done 
for axis correction and should be used routinely in clinical situations where there 
was an eccentric head position during image acquisition. This correction can correct 
the discrepancy up to 90% but a 10% discrepancy should be accounted for as a safety 
margin during the planning phase. 
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FIGURES INDEX  
 
(1) Radiographic stent fabrication; template fabrication steps 
(2) Radiographic stent fabrication; radio-opaque markers, selection of implant 
sites  
(3) Design of the platform; wood table and the tripod fixation 
(4) Fixation of the skull on the tripod 
(5, 6) Centric position 
(7, 8) Flexion position 
(9) Extension position 
(10) Right position 
(11) Left position 
(12) Right flexion position 
(13) Left flexion position 
(14, 15) Hitachi CBCT machine 
(16) Panoramic reconstruction of CBCT scan 
(17) Implant site measurements of lower right premolar site. 
(18, 19) cross section selection and measurements of upper anterior tooth 
(20) The measurements technique 
(21) Example of measurements in 7 different positions of the same implant site 
(22) Explaining of boxplot; SAS (R) 9.3 ODS graphics: Third edition  
(23) Software correction of head orientation 
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                                        TABLE INDEX 
 
 (1-6) Data of 6 cases (skulls): 6 implant sites at seven eccentric positions 
(7) Vertical mean and standard deviation errors for each head position and each 
area of non-premolar implant sites 
(8) Horizontal mean and standard deviation errors for each head position and each 
area of non-premolar implant sites 
(9) ANOVA for vertical measurements of non-premolar implant sites 
(10) Least square means for different head positions of vertical measurements of 
non-premolar implant sites 
(11, 12) ANOVA for horizontal measurements of non-premolar implant sites 
(13)  Tukey test for Horizontal measurements of non-premolar implant sites 
(14) Vertical mean and standard deviation errors for each head position and each 
area of premolar implant sites  
(15)Horizontal mean and standard deviation errors for each head position and each 
area of non-premolar implant sites 
(16) ANOVA for vertical measurements of premolar implant sites 
(17) Least square means for different head positions of vertical measurements of 
premolar implant sites 
(18, 19) ANOVA for horizontal measurements of premolar implant sites  
(20) Tukey test for horizontal measurements of non-premolar implant sites 
(21- 26) Data collection before and after software correction of eccentric head 
positions (extension, flexion and right flexion) 
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GRAPH INDEX 
 
(1) Interaction of non-premolar sites 
(2) Boxplot of error for area (vertical versus horizontal measurements); non-
premolar implant sites 
(3) Boxplot of error for head positions (vertical versus horizontal measurements); 
non-premolar implant sites  
(4) Vertical and horizontal measurements’ interpretation of different head positions 
(5) Boxplot of error for area (vertical versus horizontal measurements); premolar 
implant sites 
 (6) Boxplot of error for head positions (vertical versus horizontal measurements); 
premolar implant sites 
(7) Percentage of software correction of vertical measurements in flexion, 
extension and right flexion positions  
(8)Percentage of software correction of vertical measurements in flexion, extension 
and right flexion positions 
 
 
 
 
 
 
 
 
 
70 
 
 
 REFERENCES 
 
1. Das KP, Jahangiri L, Katz RV. The first-choice standard of care for an edentulous mandible: 
A delphi method survey of academic prosthodontists in the united states. J Am Dent Assoc. 2012 
Aug;143(8):881-9. 
2. Stratemann SA, Huang JC, Maki K, Miller AJ, Hatcher DC. Comparison of cone beam 
computed tomography imaging with physical measures. Dentomaxillofac Radiol. 2008 
Feb;37(2):80-93. 
3. Yim JH, Ryu DM, Lee BS, Kwon YD. Analysis of digitalized panorama and cone beam 
computed tomographic image distortion for the diagnosis of dental implant surgery. J Craniofac 
Surg. 2011 Mar;22(2):669-73. 
4. El-Beialy AR, Fayed MS, El-Bialy AM, Mostafa YA. Accuracy and reliability of cone-beam 
computed tomography measurements: Influence of head orientation. Am J Orthod Dentofacial 
Orthop. 2011 Aug;140(2):157-65. 
5. Raes F, Renckens L, Aps J, Cosyn J, De Bruyn H. Reliability of circumferential bone level 
assessment around single implants in healed ridges and extraction sockets using cone beam CT. 
Clin Implant Dent Relat Res. 2011 Oct 18. 
6. Lagravere MO, Carey J, Toogood RW, Major PW. Three-dimensional accuracy of 
measurements made with software on cone-beam computed tomography images. Am J Orthod 
Dentofacial Orthop. 2008 Jul;134(1):112-6. 
7. Pertl L, Gashi-Cenkoglu B, Reichmann J, Jakse N, Pertl C. Preoperative assessment of the 
mandibular canal in implant surgery: Comparison of rotational panoramic radiography (OPG), 
computed tomography (CT) and cone beam computed tomography (CBCT) for preoperative 
assessment in implant surgery. Eur J Oral Implantol. 2013 Spring;6(1):73-80. 
8. Benavides E, Rios HF, Ganz SD, An CH, Resnik R, Reardon GT, et al. Use of cone beam 
computed tomography in implant dentistry: The international congress of oral implantologists 
consensus report. Implant Dent. 2012 Apr;21(2):78-86. 
9. Ganguly R, Ruprecht A, Vincent S, Hellstein J, Timmons S, Qian F. Accuracy of linear 
measurement in the galileos cone beam computed tomography under simulated clinical 
conditions. Dentomaxillofac Radiol. 2011 Jul;40(5):299-305. 
10. Tsutsumi K, Chikui T, Okamura K, Yoshiura K. Accuracy of linear measurement and the 
measurement limits of thin objects with cone beam computed tomography: Effects of  
71 
 
 
measurement directions and of phantom locations in the fields of view. Int J Oral Maxillofac 
Implants. 2011 Jan-Feb;26(1):91-100. 
11. Tarazona B, Llamas JM, Cibrian R, Gandia JL, Paredes V. A comparison between dental 
measurements taken from CBCT models and those taken from a digital method. Eur J Orthod. 
2011 Mar 22. 
12. Shiratori LN, Marotti J, Yamanouchi J, Chilvarquer I, Contin I, Tortamano-Neto P. 
Measurement of buccal bone volume of dental implants by means of cone-beam computed 
tomography. Clin Oral Implants Res. 2012 Jul;23(7):797-804. 
13. Moreira CR, Sales MA, Lopes PM, Cavalcanti MG. Assessment of linear and angular 
measurements on three-dimensional cone-beam computed tomographic images. Oral Surg Oral 
Med Oral Pathol Oral Radiol Endod. 2009 Sep;108(3):430-6. 
14. Leung CC, Palomo L, Griffith R, Hans MG. Accuracy and reliability of cone-beam 
computed tomography for measuring alveolar bone height and detecting bony dehiscences and 
fenestrations. Am J Orthod Dentofacial Orthop. 2010 Apr;137(4 Suppl):S109-19. 
15. Hassan B, van der Stelt P, Sanderink G. Accuracy of three-dimensional measurements 
obtained from cone beam computed tomography surface-rendered images for cephalometric 
analysis: Influence of patient scanning position. Eur J Orthod. 2009 Apr;31(2):129-34. 
16. Sheikhi M, Ghorbanizadeh S, Abdinian M, Goroohi H, Badrian H. Accuracy of linear 
measurements of galileos cone beam computed tomography in normal and different head 
positions. Int J Dent. 2012;2012:214954. 
17. Frongia G, Piancino MG, Bracco P. Cone-beam computed tomography: Accuracy of three-
dimensional cephalometry analysis and influence of patient scanning position. J Craniofac Surg. 
2012 Jul;23(4):1038-43. 
18. Sheikhi M, Ghorbanizadeh S, Abdinian M, Goroohi H, Badrian H. Accuracy of linear 
measurements of galileos cone beam computed tomography in normal and different head 
positions. Int J Dent. 2012;2012:214954. 
19. Visconti MA, Verner FS, Assis NM, Devito KL. Influence of maxillomandibular positioning 
in cone beam computed tomography for implant planning. Int J Oral Maxillofac Surg. 2013 
Jul;42(7):880-6. 
  
